Abstract
Background
Although functional recovery from stroke is improving, stroke continues to be the leading cause of adult disability [1, 2] . In the United States, every year about 795,000 end up having a stroke and this costs the nation USD 38.6 billion [3] . With an aging population at increased stroke incidence and improved survival from stroke [2] , promoting functional recovery, symptom management, and quality of life after stroke is critically important. Poststroke fatigue (PSF), defined as a lack of energy, or an increased need to rest on most days, which interferes with normal daily activity, is a very common and often lasting symptom post stroke [4] [5] [6] [7] . Of the Americans who will have a first stroke [2] , year following stroke [8, 9] . Although PSF may decline in some by 3 months after stroke [10] , it can persist in 38-74% of individuals during the first year following stroke [8, 10, 11] , and in 40-58% of individuals several years post-stroke [10, 11] . PSF can occur even after a mild stroke or transient ischemic attack [12, 13] and can persist after there appears to be otherwise full neurological recovery [14, 15] . PSF interferes with recovery from stroke [16] , results in decreased function [4, 10, 17, 18] , and increases the chance of being dependent in daily activity, especially for those over the age of 65 [2] . PSF decreases quality of life [19] and increases mortality rate due to its association with a sedentary lifestyle [20] . PSF is an independent risk factor for decreased physical health after stroke [21] and is a barrier to stroke rehabilitation [16, 22, 23] . Given the incidence of stroke and the prevalence and detrimental impact of PSF on quality of life, independent living, and overall survival, the effective management of PSF must be a priority in stroke rehabilitation.
Post-stroke depression (PSD) is also highly clinically important. PSD is a dynamic situation with a frequency of 25-79% [24] . A recent systematic review found there was no significant decrease in the percentage of people (31%) affected by depression after stroke as compared with 10 years ago (33%) [25, 26] . Depression severity was an independent predictor of severity of functional impairment. PSD has become a prominent barrier to stroke recovery.
Despite the fact that a high proportion of patients with stroke develop PSF and PSD, and PSD and PSF are more predictive of quality of life than actual neurological disability [27] , the mechanisms underlying PSF and depression are very complex and have received little attention from the field of neurobiology until now [28] [29] [30] . A better understanding of PSF and PSD may improve patient management and facilitate the development of precise treatments. In this review, we provide evidence that neuroinflammation may be involved in the processes of PSF and PSD.
Post-Stroke Fatigue and Depression
The cause of PSF remains unknown. PSF was first reported in the literature as being a component of depression following stroke [31] . Since then, several studies have documented an association between PSF and PSD [20, [32] [33] [34] [35] [36] . The co-occurrence of PSF and PSD could be an indication that they may share a common etiology. Fatigue and depression are major symptoms of cytokineinduced sickness behavior [37] . In the short term, cytokine-induced sickness behavior is thought to be evolutionarily advantageous for survival following infection or tissue damage because it results in withdrawal from activity, allowing for rest and recovery [38, 39] . Prolonged production of inflammatory cytokines does not appear to serve any evolutionary advantage and is associated with chronic fatigue and depression [38] [39] [40] . Although some risk factors of PSF and PSD are similar, such as age, sex, prior history of stokes, physical disability [32, [41] [42] [43] [44] [45] , other factors associated with PSF and PSD are different. For examples, locations of infarction were associated with PSF but not with PSD [46] . Avoidance was independently related to PSD at 3 months, whereas confrontation was related to PSF [46] .
The neural targets that mediate some of the cytokineinduced behavioral changes in rodents have been elucidated [47] [48] [49] . A cluster of "fatigue" neurons was recently identified in the perifornical lateral hypothalamus [47] . Under normal conditions, these neurons secrete orexin, a neurotransmitter that stimulates arousal and wakefulness via cholinergic, serotonergic, dopaminergic, and histaminergic pathways in the ascending arousal system [50, 51] . Narcolepsy, characterized by excessive daytime sleepiness, is caused by a loss of orexin-secreting neurons or reduced orexin neuron signaling in the hypothalamus [52] . Grossberg et al. [47] showed that endotoxin-induced fatigue in rodents, as indicated by a decline in locomotor activity, was associated with increased inflammatory signaling in the brain and decreased orexin neuron activity. Importantly, they were able to show that central administration of orexin-A reversed the inflammation-induced fatigue/lethargy in this model [47] . A similar role for inflammation-induced orexin dysfunction has been demonstrated in a rodent model of cancer treatment-related fatigue (CTRF) [53] . Although stroke has long been known to induce neuroinflammation, whether this is associated with a decrease in orexin neuron functioning is not known and is an important area for future research.
Disrupted sleep and wakefulness are also key features of traumatic brain injury (TBI) [54] . Similar to stroke, interleukin-1β (IL-1β) is a core mediator of the inflammatory response following TBI, and loss of orexin neurons has been observed in animal models of TBI [55] . Altered inflammatory signaling has also been implicated in clinical depression [56] . Inflammatory cytokines influence the synthesis and activity of serotonin, dopamine, and norepinephrine. Monoamine neurotransmitters are required for mood stability, and their deregulation has DOI: 10.1159/000494988 been implicated in clinical depression. Inflammatory cytokines suppress the synthesis of these neurotransmitters by altering the function of 2 key enzymes required for their synthesis: indoleamine 2,3-dioxygenase and tetrahydrobiopterin [57] . Inflammatory cytokines also upregulate the synthesis and activity of serotonin, dopamine, and norepinephrine reuptake pumps at nerve endings, thereby decreasing the concentration of these neurotransmitters in the synaptic cleft [56] . By reducing neurotransmitter synthesis and increasing reuptake, inflammatory cytokines reduce serotonin, dopamine, and norepinephrine signaling, and it is this mechanism that is believed to contribute to depressive symptoms [56] .
Stroke Induces Systemic Inflammation and Subsequent PSF and/or PSD Stroke, whether caused by blood vessel blockage (ischemic) or rupture (hemorrhagic), causes a lack of oxygen (hypoxia) and glucose to brain tissue, interrupting production of ATP. ATP depletion results in cell damage and eventually cell death (Fig. 1i) . Molecules released from dead or dying cells, commonly referred to as danger associated molecular patterns (DAMPs), are recognized by pattern recognition receptors belonging to the toll-like receptor (TLR) family located on the surface of microglia, sentinel cells of innate immunity in the brain [58] (Fig. 1ii) . DAMP-TLR binding initiates the NF-κB signaling cascade (Fig. 1iii) , which induces the synthesis of the pro-inflammatory cytokine IL-1β [59, 60] . IL-1β is synthesized as a precursor (pro-IL-1β), which is processed to its mature form by an intracellular protein complex called the inflammasome (Fig. 1iv) . Several types of inflammasomes have been identified (NLRP1, NLRP3, AIM, etc.), but recent work suggests that the NLRP3 inflammasome plays a primary role in the processing of pro-IL-1β in activated microglia [61] . Once cleaved by the NLRP3 inflammasome, mature IL-1β is rapidly secreted into the extracellular space where it is available to bind to IL-1 receptors (IL-1R) located on adjacent cells. Binding to its receptor, IL-1β induces its own synthesis and that of several other inflammatory cytokines, chemokines, and proteases including IL-6, and tumor necrosis factor alpha (TNF-α), nitric oxide (NO), and reactive oxygen species (Fig. 1v) [62, 63] . The extent of brain injury following stroke appears to depend on the magnitude of this IL-1β-driven inflammatory cascade, since blockade of IL-1β signaling through the inhibition of the NLRP3 inflammasome or with the IL-1R antagonist (IL-1RA) reduces brain inflammation and injury and improves neurologic function in rodent models of ischemic stroke or TBI [64] [65] [66] [67] . In human studies, IL-1β expression has been shown to be elevated in post-mortem brain tissue of adult patients following stroke [68] .
Brain injury results in the infiltration of peripheral immune cells to the site of damage (Fig. 1vi) . The infiltration of leukocytes into the injured brain greatly exacerbates ischemic brain injury [69] . Migration of monocytes, neutrophils, and T lymphocytes into the injured brain is facilitated by the breakdown of the blood brain barrier and inflammatory cytokines. At the site of brain injury, these cells secrete additional inflammatory cytokines that act in a paracrine and autocrine manner to exacerbate brain inflammation and injury. CD4+ T lymphocytes in particular appear to play an important role in controlling postischemic brain injury [69] . In experimental animal stroke models, the infiltration of IL-17-secreting T cells (Th17) exacerbates brain injury [70] , while another CD4+ T cell subset, regulatory T cells (Treg), dampen inflammation and protect against post-ischemic brain injury [71] . The anti-inflammatory effect of Treg cells is related to their secretion of anti-inflammatory molecules IL-10 and TGF-β. The disrupted balance between these 2 CD4+ T cell subsets, namely, an excess of pro-inflammatory Th17 cells relative to anti-inflammatory Treg cells, has been implicated in chronic inflammation and autoimmunity [72] . Preliminary evidence of an altered Th17/Treg balance in stroke was recently demonstrated [73] . Brain inflammation alters the functioning of hypothalamic orexin-secreting neurons and decreases the synthesis and activity of monoamine neurotransmitters (Fig. 1vii) to induce PSF and depression respectively (Fig. 1viii) .
Whereas inflammation and immune system both exert deleterious effect, they also contribute to the repair of damaged tissue depending on the stage of tissue injury, the magnitude of response, and whether the inflammatory or immune response also activates regeneration and long-term recovery [74, 75] . Immunomodulatory treatment has shown promises in promoting stroke recovery [76] .
Concurrent with brain inflammation, immunological changes can also be observed in the circulation, liver, gut, bone marrow, and spleen [77] [78] [79] . Marked changes in circulating levels of several inflammatory markers including IL-1β, IL-1α, TNF-α, IL-6, IL-8, soluble TNF receptor 1, IL-10, IL-1RA, and C-reactive protein (CRP) have been observed in the acute phase post stroke. In a recent study, Zeng et al. [80] TNF-α 72 h after symptom presentation with levels in 105 non-stroke controls matched on age, gender, and cardiovascular risk factors. Circulating levels of IL-6, IL-8, and TNF-α were significantly higher in stroke patients relative to their non-stroke counterparts. IL-17 was found to induce the activation and mobilization of neutrophils to sites of inflammation. In ischemic brain injury, IL-17 could induce blood brain barrier breakdown and allow for an uncontrolled influx of peripheral immune cells, like neutrophils, and lead to the formation of cytokines as a cause of secondary inflammation [81, 82] . In a similar study, Ormstad et al. [83] observed elevated serum levels of IL-1RA, IL-6, IL-8, IL-10, IL-12, IL-18, and Gro-α at 72 h post ischemic stroke compared to healthy controls matched on age and gender but not cardiovascular risk factors. In general, elevations in circulating pro-inflammatory cytokines such as IL-1β, TNF-α, and IL-6 have been linked to larger infarct size and worse prognosis, while the opposite is true for circulating levels of anti-inflammatory cytokines like IL-10 and IL-1RA [69, 84] . Becker [27] indicated that overall systemic milieu after stroke, rather than a single cytokine or other biological substrate that cause either PSD or PSF. Despite evidence that stroke induces systemic inflammation and sickness behavior-like symptoms, few studies have examined the association between stroke-induced inflammation and PSF or PSD. Ormstad et al. [85, 86] investigated whether serum levels of inflammatory markers 72 h post-stroke could predict long-term PSF and PSD. Serum levels of IL-1β, IL-1RA, IL-2, IL-4, IL-6, IL-8, IL-9, IL-10, IL-12, TNF-α, IFN-γ, Gro-α, and IL-18 were measured in 48 stroke patients within 72 h of symptom presentation. Fatigue (Fatigue Severity Scale) and depression (Beck Depression Inventory) were measured at 6, 12, and 18 months post stroke. Associations between the serum inflammatory analyte and PSF and PSD at 6, 12, and 18 months were then examined. The authors observed a positive correlation between acute IL-1β levels and fatigue 6 months post stroke, while IL-1RA and IL-9 levels negatively correlated with fatigue level at 12 months. Neither size nor location of infarct was associated with fatigue. While fatigue and depression were correlated at 6, 12, and 18 months post stroke, unlike PSF, an association between the inflammatory analyte and PSD was not found. However, limitations of this study, which included the relatively small sample size, the high number of inflammatory analytes that were measured, and the failure to account for multiple comparisons in the analysis, make research findings difficult to interpret. In a follow-up study, these authors demonstrated that stroke survivors with PSF at 18 months post stroke had higher serum levels of kynurenic acid, a marker of availability of tryptophan for serotonin synthesis than those without [87] . Although depression is linked to reduced serotonin activity, these authors did not observe a similar association between serum kynurenic acid and PSD. In our recent study, we found stroke survivors in the severe fatigue group had greater anxiety and depression than in the lowmoderate fatigue group. Serum IL-10 levels negatively correlated with the Th17/Treg ratio, and the latter was associated with the severity of PSF [88] . Kutlubaev et al. [89] reviewed 17 studies and found that one study reported CRP levels associated with fatigue.
The vast majority of studies have focused on inflammatory influences on PSD. Two review papers [90, 91] provided evidence that proinflammatory cytokines, such as IL-1beta, TNF-alpha, or IL-18, resulting from stroke may lead to an amplification of the inflammatory process, widespread activation of 2,3-dioxygenase, and to a subsequent depletion of serotonin. Spalletta et al. [92] performed an extensive neuropsychiatric evaluation of 48 ischemic stroke patients 72 h after the presentation of stroke symptoms and collected fasting peripheral blood for measurement of IL-6 at the same time point. Elevated serum IL-6 levels were associated with depressed mood, loss of interest, loss of weight/appetite, and insomnia. Like IL-6, elevated circulating levels of the proinflammatory cytokine IL-18 are associated with major depressive disorder [93] . IL-18 belongs to the IL-1 family of proinflammatory cytokines, and circulating levels are elevated post stroke. To determine whether high IL-18 levels were associated with PSD, Yang et al. [94] measured fasting serum levels of IL-18 in 100 stroke patients on 1 and 7 days post stroke and depressive symptoms (Hamilton Depression Scale) on 3, 7, and 14 days, as well as 6 months post stroke. They found that elevated serum IL-18 on 7 days post stroke was associated with PSD in the acute phase post stroke and 6 months thereafter [94] .
Similarly, Su et al. [95] followed 144 ischemic stroke patients for weeks after a first stroke and for 1, 3, 6, 9, and 12 months after discharge. Fasting serum levels of IL-1β, IL-6, IL-10, TNF-α, and IFN-γ and depressive symptom severity (Hamilton Depression Scale) were assessed at each time point. Only 12% of their cohort developed PSD during the 1-year follow-up period (n = 12). Although IL-1β levels were undetectable in the majority of samples, change in serum levels of IL-6, IL-10, TNF-α, and IFN-γ were significantly higher in the PSD group relative to the non-PSD group. A limitation of this study was the small sample size and the small number of participants who developed PSD during the study period. The incidence of PSD in this cohort was lower than previously reported, which is likely explained by the fact that approximately a third of patients participated in a PSD prevention trial and received selective serotonin reuptake inhibitors (SSRIs). More recently, Yin et al. [96] found that neither homocysteine nor high sensitivity CRP alone was related to PSD. However, the coexistence of higher homocysteine and higher hs-CRP was associated with subsequent PSD in the acute phase of ischemic stroke, independent of established conventional risk factors [96] . In addition, high serum vitamin D levels were found to be protective against PSD [97, 98] .
DNA polymorphisms in some inflammatory cytokine genes predict the magnitude of their expression following an inflammatory stimulus [99, 100] . Kim et al. [101] determined whether alleles related to higher expression of pro-inflammatory cytokines (IL-1β, IL-8, and TNF-α) and lower expression of anti-inflammatory cytokines (IL-4 and IL-10) were associated with PSD. Depression (Mini International Neuropsychiatric Interview) was assessed in 276 patients 9-15 days post stroke, and participants were classified into severe PSD (n = 29), all PSD (minor and severe, n = 77), or no PSD (n = 199). Study findings revealed that the IL-4 + 33C/C and IL-10 -1082A/ A genotypes were associated with severe PSD and all PSD, respectively. In contrast, there was no association between PSD and any of the proinflammatory cytokine alleles. This study suggests that an impaired anti-inflammatory response to stroke increases the risk of acute PSD presumably by enhancing the production and/or activity of proinflammatory cytokines. In summary, there have been few clinical studies that have sought to examine the relationship between inflammation and stroke-related symptoms as a primary aim. Those that have are in general agreement that stroke-induced inflammatory signaling may play a role in the etiology of these symptoms. To our knowledge, only 1 animal study has specifically sought to examine the role of stroke-induced neuroinflammation in PSF or PSD. Craft and Devries [102] examined sucrose consumption as a measure of anhedonia in mice following middle cerebral artery occlusion. They found that middle cerebral artery occlusion mice displayed anhedonia over a 7-day period post treatment. This depressive-like behavior was reversed in mice administered IL-1RA by intracerebroventricular injection, which supports a role for stroke-induced IL-1β in the etiology of PSD [102] .
Potential Treatment of PSF and Depression
As mentioned above, the exact mechanisms of origin and persistence of PSF and PSD are still elusive, and evidence-supported treatment for PSF and PSD is still lacking. A few studies explored whether the serotonin reuptake inhibitor (SSRIs) and modafinil was effective in reducing PSF and PSD [103] [104] [105] [106] [107] [108] [109] [110] (Table 1) . Results indicate that the effect of antidepressants is not ascertained, while Modafinil seems to improve fatigue in a specific subgroup of stroke patients. Further multicenter, random controlled clinical trials are needed to provide evidencebased practice for the anti-inflammatory treatment of PSF and PSD. McGeough et al. [111] reviewed 3 trials that recruited a total of 239 stroke patients to 3 treatments (fluoxetine, tirilazad, chronic disease self-management program). At follow-up, there was no difference in fatigue levels between the treatment and control. However, the trials were too small to draw firm conclusion and further studies are warranted. A meta-analysis showed that citalopram shows a faster action than the other SSRIs, though their efficacy on PSD treatment is similar [112] . Besides SSRIs, noradrenaline reuptake inhibitor and tricyclic antidepressant are also associated with decrease of PSD [113] . Kang et al. [114] found that increased levels of IL-6 and IL-18 were correlated with depression within 2 weeks and 1 year following stroke. There was an interaction between statin use and IL-6 in patients with depressive disorder at 1 year. Recently, a systematic review [115] reported anti-inflammatory treatment; in particular, cerecexib alleviates depressive symptoms. The identification of the optimal population that could benefit from the treatment might be warranted. In a recent ACTION trial, 161 patients with acute ischemia stroke were treated by placebo or natalizumab, an antibody against the leukocyte adhesion molecule α4 integrin. Results showed that natalizumab administered up to 9 h after stroke onset did not change infarct growth but might have beneficial effects in cognitive and functional recovery [76] .
Conclusions and Future Research
PSF is a common and often debilitating consequence of stroke. It reduces quality of life, is a barrier to stroke rehabilitation, and increases stroke-related mortality. There is a critical need to understand the etiological mechanisms underlying PSF, as this knowledge will facilitate the development of timely, targeted interventions to manage this disabling symptom effectively. An immune system response, characterized by secretion of IL-1β and other inflammatory cytokines and chemokines, and the infiltration of immune cells into the damaged area, occurs rapidly after an ischemic or hemorrhagic event in the brain. Understanding the role of this inflammatory response on infarct size and functional recovery from stroke has been the focus of review. The role that inflammation plays in the initiation and perpetuation of post-stroke symptoms has received less attention. Yet, research accumulated over the past 20 years has provided compelling evidence of the role of inflammatory cytokines in the genesis of these symptoms. The neural targets that mediate some of the cytokine-induced behavioral changes have been elucidated in experimental studies. For instance, decreased activity of hypothalamic orexin neurons is associated with cytotoxic chemotherapy-induced fatigue/lethargy [53] . This connection was made possible by modeling cytokine-induced sickness behavior in rodents. A similar approach could be used to model stroke-related symptoms, thus allowing the neural biological basis of PSF to be defined, which in turn, would allow the identification of new drug targets for the management of PSF and related symptoms. To our knowledge there has been only one pre-clinical study aimed at understanding the role of stroke-induced IL-1β in the etiology of depression. The development of a clinically relevant animal model of PSF would facilitate future experiments. Development of such a model was critical for understanding the role of inflammatory signaling in the etiology of CTRF [53, 116] . There have been only a handful of studies in which stroke-related immune changes were correlated to symptom severity in stroke survivors. Many studies measured only PSF, PSF and PSD, or only PSD; yet, we know that stroke survivors experience a cluster of symptoms including PSF, PSD, anxiety, and changes in sleep and cognitive function. Rothenburg et al. [117] found that a post-stroke inflammatory response (serum CRP, but neither IL-6 nor IFN-gama) may be important in subacute, post-stroke cognitive impairment. Nemeth et al. [118] reported that inflammatory mechanisms contribute to microembolism-induced anxiety-like and depressive-like behaviors. Pro-inflammatory cytokines, such as TNF, IL-1, and IL-6, have been associated with sleep dysfunction [119] . It is unclear from existing clinical studies whether these symptoms cluster together over time in stroke survivors. Indeed, we would expect this to be the case if they share an underlying etiology. A symptom cluster approach would increase our understanding of the interrelationship between these symptoms and PSF. A similar approach has been used extensively to understand the relationship between CTRF and other cancer-related symptoms [120] . The investigation of fatigue/depression in other chronic neuroinflammatory disease, such as multiple sclerosis (MS), has provided important insights to understand the relationship between neuroinflammation and PSD/PSF. Both depression and fatigue are common in patients with MS. Cytokines such as IL-1 and TNF-alpha play a role in MS fatigue by paracrine. Immunotherapeutic can stabilize and meliorate fatigue in parallel to their damping effects on the neuroinflammation process [121] . While findings from prior studies are generally consistent with a role for inflammatory signaling in the etiology of poststroke related symptoms, several limitations, including insufficient sample size; lack of a non-stroke control group matched for age, gender, and cardiovascular risk factors; the fact that many instruments that measure fatigue do not clearly differentiate fatigue from depression; and heterogeneity in the timing of symptom and cytokine measurement, weaken study conclusions. Future studies are needed to address these limitations in order to generate robust evidence of an association between stroke-related inflammatory processes and stroke-related symptoms. The elucidation of the association between stroke-related inflammatory processes and depression and fatigue would be very important to demonstrate the potential target to minimize the inflammatory effect in the management of PSF and depression.
